Peridotites and related mafic plutonic rocks from Hess Deep in the equatorial Pacific (ODP Leg 147 Site 895) were examined in order to understand deep magmatic processes prevailing beneath the East Pacific Rise, a fast-spreading ridge system. Mantle harzburgite from Hess Deep is transitional to gabbro via dunite, troctolite, and olivine gabbro, in terms of petrography. The dunite-troctolite-olivine gabbro association can be interpreted as an interaction product between injected and stagnated melt and the harzburgite wall in the shallowest mantle. Troctolite and olivine gabbro are highly heterogeneous, for both their relative mineral ratio and mineral chemistry. Olivine-rich (i.e., plagioclase-poor) troctolite has the most Ti-enriched mineralogy, whereas the plagioclase-poor dunite associated with harzburgite has low-Ti mineralogy; the mineral chemical change possibly depends on the degree of melt stagnation. Chromian spinel is concentrated in some dunite and troctolite; a small chromitite pod was discovered. Primary hydrous minerals, K-and Na-phlogopites and pargasite, are usually present as inclusions in spinel from troctolite and chromitite, as commonly found in spinels from chromitites of both alpine and layered types. This indicates that the primary hydrous minerals can form in the oceanic mantle without slab-derived fluids.
INTRODUCTION
Deep-sea drilling during Ocean Drilling Program (ODP) Leg 147 at Hess Deep, equatorial Pacific, had a two-fold purpose: to collect deep-seated rocks of the oceanic lithosphere formed at a fast-spreading ridge axis (East Pacific Rise) and to collect those exposed at a place other than an oceanic fracture zone. Petrological models for the oceanic lithosphere have been based mainly on rocks recovered from fracture zones of the slow-spreading ridge system, that is, of the Atlantic and Indian Oceans (e.g., Bonatti and Honnorez, 1976) . Drilling Hess Deep is a good way to test ophiolite models because the petrological models have been based also on ophiolites (e.g., Nicolas, 1989) . Sinton and Detrick (1992) presented petrological models of "magma chambers" beneath mid-oceanic ridges with both fast-and slow-spreading rates based mainly on seismic tomography data. More recently, Cannat (1993) proposed a petrological model for the oceanic lithosphere from observations on rocks recovered from ocean floors. These models can be examined especially for deep pro-cesses by the petrology of the mafic-ultramafic rocks drilled and recovered from Hess Deep. Girardeau and Francheteau (1993) and Hekinian et al. (1993) have discussed the dredged samples. Hebert et al. (1983) and Cannat et al. (1990) reported a similar rock association (harzburgite, Plagioclase dunite, troctolite, and olivine gabbro) for dredged rock fragments from the Garret Transform Fault on the East Pacific Rise. The rocks obtained by ocean-floor drilling during Leg 147, however, have an advantage in that they represent much more continuous rock sections that provide for a much better understanding of deep processes in the oceanic lithosphere. In this chapter, the petrological characteristics of ultramafic and related plutonic rocks recovered from Site 895 of Leg 147 (Gillis, Mével, Allan, et al., 1993) are described in order to understand deep magmatic processes that form the oceanic lithosphere underneath the East Pacific Rise, a fast-spreading ridge system.
GEOLOGICAL AND TECTONIC SETTING
Hess Deep is located close to the Galapagos triple junction between the East Pacific Rise and the Cocos-Nazca propagating rift. Detailed descriptions of the tectonic setting are available from Francheteau et al. (1990) and Gillis, Mével, Allan, et al. (1993) . Hess Deep is a kind of failed rift that formed at about 1 Ma at the tip of the propagator. Serpentinite diapirism or other tectonism exposes deep-seated rocks formed beneath the East Pacific Rise (Francheteau et al., 1990) . Dives by the submersible Nautile demonstrated that pillow basalt, dolerite, cumulate and noncumulate gabbros, dunite, and harzburgite are exposed there (Francheteau et al., 1990) . The dolerite forms a dike complex, and a rock sequence similar to some ophiolites (e.g., Oman ophiolite) has been recognized by Francheteau et al. (1990 Francheteau et al. ( , 1992 . Drill Sites 894 and 895 were selected on an intrarift ridge; Site 894 on the summit and Site 895 on the southern flank of the ridge (Gillis, Mével, Allan, et al., 1993) .
Harzburgite
Harzburgite generally has a weak Porphyroclastic to equigranular texture with orthopyroxene porphyroclasts (PI. 1, Fig. 1 ). Olivine and orthopyroxene are usually kinked. Some of the olivine is turbid in thin section and full of inclusion trails. Clinopyroxene, which in some places is altered to form tremolitic amphibole, is anhedral and usually associated with orthopyroxene porphyroclasts. Chromian spinel is anhedral (irregularly shaped), some is vermicular, and it is also commonly associated with orthopyroxene porphyroclasts (PI. 1, Fig. 1 ). The color of the chromian spinel under a microscope is con- Gillis, Mével, Allan, et al. (1993) . Positions of the samples examined in this study are shown by arrows. A. Hole 895C. B. Hole 895D. C. Hole 895E. Note the close association of dunite with feldspathic plutonic rocks (troctolite and gabbros). sistently brown, which indicates an intermediate Cr# (= Cr/[Cr + Al] atomic ratio). Petrographically, the Hess Deep harzburgite is similar to that in some ophiolites (e.g., Oman ophiolite).
Dunite
Dunite is variable in lithology. Plagioclase-free dunite is associated with harzburgite and plagioclase-bearing dunite is transitional to troctolite (Gillis, Mével, Allan, et al., 1993 Sample 147-895E-6R-2 [Piece 2E, 77-80 cm] ). The cut surface is diagonal, at 60°, to the elongated rodlike pod, which is more complete in the archive half of the core.
Troctolite kinked, although less commonly than in harzburgite, and is usually turbid owing to abundant inclusion trails (PI. 1, Fig. 2 ). Olivine in plagioclase-free dunite can be full of lamellar inclusions of some oxide, possibly spinel (PI. 1, Fig. 3 ). The mode of occurrence of the lamellar inclusions is similar to that of chromian spinel lamellae in some alpine-type dunites (Arai, 1978) . These textural characteristics are similar to those of transitional-zone dunite from some ophiolites. Chromian spinel in dunites is rounded in shape.
Wehrlite
This rock was originally described as harzburgite in Gillis, Mév-el, Allan, et al. (1993) . The pyroxene grains are highly altered, but all relics are clinopyroxene (PI. 1, Fig. 4 ). Orthopyroxene could not be found under the microscope. Despite the abundance of clinopyroxene, the color of spinel (dark brown) does not indicate a lherzolitic (fertile) character and is similar to that of harzburgite spinel. We suspect that all the bastite-like pseudomorphs formed after clinopyroxene. The relic clinopyroxene is relatively coarse and free from deformation (PL 1, Fig. 4 ). Clinopyroxene commonly makes a symplectitic intergrowth with vermicular chromian spinel. Olivine in the wehrlite is full of inclusion trails, which is similar to olivine in dunite and troctolite and different from that in the ordinary harzburgite.
Chromitite
The minipod of chromitite in dunite is composed of large subhedral grains of chromian spinel, up to 5 mm across (Fig. 3 and PI. 1, Fig. 5 ). The chromian spinel grains are characteristically full of minute mineral inclusions (PL 1, Fig. 5 ). The included minerals detected are Na-phlogopite, pargasite (or pargasitic hornblende), orthopyroxene, diopside, jadeite, and albite. It is noteworthy that these minerals are definitely primary because they are intact only where the enclosing spinel is fresh. Where the host spinel is altered or the inclusion is opened by cracks to the outside of the spinel grain, the inclusions are altered to chlorite, serpentine, or other hydrous minerals. The same minerals have been commonly documented as inclusions in chromian spinel of chromitites of both alpine (podiform) and layered types (e.g., Irvine, 1975; Johan et al., 1983; Talkington et al., 1984; Johan, 1986; Augé, 1987; McElduff and Stumpf!, 1991) . The petrographic characteristics of the minipod of chromitite from Hess Deep are similar to those in the chromitites (e.g., Talkington et al., 1986; Augé, 1987) .
Troctolite is composed of various amounts of olivine and plagioclase with small amounts of clinopyroxene and chromian spinel. The relative proportions of these minerals are highly variable even within a specimen (Fig. 2) . Olivine is coarse and rounded in shape. Olivine is commonly turbid in thin section owing to the abundance of inclusion trails. Some of the olivine shows deformation features (PL 1, Fig. 6 ), although Plagioclase and clinopyroxene are not deformed. Plagioclase and clinopyroxene areanhedral, and some are interstitial to olivine. Clinopyroxene is usually diallage and poikilitically includes rounded olivine and euhedral Plagioclase.
Chromian spinel is usually concentrated along the boundary between the olivine-rich (dunitic) part and the Plagioclase-and clinopyroxene-rich (gabbroic) part (Fig. 2) . Chromian spinel is rare within the leucocratic gabbroic part (Fig. 2) . The morphology of chromian spinel varies depending on the mode of occurrence; chromian spinel is rounded in the olivine-rich part (PL 1, Fig. 7 ) and anhedral in the olivine-poor part (PL 1, Fig. 8 ). Chromian spinel usually has rounded polymineralic inclusions (PL 1, Fig. 9 ), which consist mainly of Kand Na-phlogopites, pargasite (or pargasitic hornblende), diopsidic clinopyroxene, and orthopyroxene. The mode of occurrence of hydrous mineral inclusions in chromian spinel is similar to that in chromian spinel in chromitites (e.g., Talkington et al., 1986) .
Orthopyroxene, kaersutite, and rutile were found almost exclusively in plagioclase-poor troctolite or plagioclase-bearing dunite (PL 1, Figs. 10 and 11) . Some of the orthopyroxene is rimmed by clinopyroxene, which suggests a reaction relation between orthopyroxene and a clinopyroxene-saturated liquid (PL 1, Fig. 10 ). Orthopyroxene, highly anhedral, is also present in olivine-rich clots in plagioclaserich troctolite. Kaersutite is associated with rutile (PL 1, Fig. 12 ).
Olivine Gabbro
Olivine gabbro is usually highly altered, and its primary petrographical characteristics can be difficult to discern. Olivine gabbro is usually very coarse grained and is also highly heterogenous; some irregularly shaped, olivine-rich (dunitic) patches are included in the leucocratic Plagioclase-and clinopyroxene-rich part. Olivine gabbro may be the olivine-poor equivalent to the troctolite. The olivine in olivine gabbro is similar in appearance to that in troctolite. Chromian spinel is disseminated in and around some of the olivine-rich part. Some of the Plagioclase is euhedral and it is usually poikilitically enclosed by clinopyroxene. Clinopyroxene is coarse and anhedral, usually poikilitically enclosing rounded olivine and euhedral Plagioclase (PL 1, Fig.  12 ). Small rounded chromian spinel is included in some clinopyroxene. 
MINERAL CHEMISTRY
Minerals were analyzed by an Akashi Alpha30 SEM-EDAX system with an energy-dispersive spectrometer at Kanazawa University. The detection limit is approximately 0.1 wt% for major oxides except for Na 2 O, for which the detection limit is approximately 0.3 wt%. The reproducibility of the data is sufficiently good for major elements. The Mg# (= Mg/[Mg + total iron] atomic ratio) of silicates and the Cr# were determined with special care; these ratios are reproducible to about ±0.2% and about ±0.8%, respectively, on repeated runs. Selected analyses are listed in Tables 1-4. The mineral chemistry for the discrete minerals is described in the following sections. The mineral inclusions in chromian spinel are described separately. The cation ratios of spinel were calculated assuming spinel stoichiometry after subtracting all Ti as ulvospinel molecules (Fe 2 Ti0 4 ).
Olivine
The olivine chemistry varies depending on lithology from Fo 91 in harzburgite through dunite, wehrlite, and troctolite to Fo 86 in olivine gabbro (Fig. 4) . In troctolitic rocks olivine tends to be less magnesian in plagioclase-poor rocks (or parts) than in plagioclase-rich ones (or parts). For example, olivine in one plagioclase-poor troctolite (Sample 147-895C-4R-2 [Piece 6B, 110-114 cm]), which has orthopyroxene, rutile, and Ti-rich spinel, has the lowest Fo value of 88 (Fig. 4 ).
Orthopyroxene
Orthopyroxene in harzburgite is magnesian with a Mg# of about 0.91 (Table 3) . A1 2 O 3 and Cr 2 O 3 contents are 2 to 3 wt% and 0.8 to 1.0 wt%, respectively. Orthopyroxene in plagioclase-poor troctolite is less magnesian, with a Mg# from 0.89 to 0.91 (mostly about 0.89). A1 2 O 3 and Cr 2 O 3 contents are 2 to 3 wt% and 0.6 to 0.7 wt%, respectively (Table 3) .
Clinopyroxene
The Mg# of clinopyroxene varies partly owing to subsolidus MgFe redistribution, depending on the relative amount of clinopyroxene (e.g., Arai et al., 1988) . Clinopyroxenes from harzburgite and wehrlite have the highest Mg# (Fig. 5) . TiO 2 contents in clinopyroxene are highly variable from almost none (harzburgite) to 2 wt% (troctolite) (Fig. 5) . The TiO 2 content of clinopyroxene demonstrates an almost parallel variation with that in chromian spinel, as shown later. It is noteworthy that the clinopyroxene in olivine gabbro has a lower Ti content than clinopyroxene in troctolite has (Fig. 5) . As for chromian spinel, clinopyroxene in the olivine-rich troctolite, which has orthopyroxene and rutile, tends to have a higher TiO 2 content than in the olivine-poor troctolites (Fig. 5) . Clinopyroxene in troctolite also shows an intragrain chemical heterogeneity for Ti; the rim, especially the peripheral part of strongly anhedral crystals, is distinctly higher in Ti than the core (Fig. 5) . The chemical zoning is, however, more complicated in the texturally heterogeneous troctolite; a compositional gradient can be detected sporadically in a large crystal, from a rim in contact with a plagioclase-rich pool (TiO 2 = 0.30 wt%; Mg# = 0.89) to another rim in contact with an olivine-rich clot (TiO 2 = 0.72 wt%; Mg# = 0.91) via the core (TiO 2 = 0.35 wt%; Mg# = 0.90), which indicates that it crystallized under a strong chemical gradient within the melt (Fig. 5) .
Ti-Cr relationships for clinopyroxenes are also noteworthy. The Cr 2 O 3 contents of clinopyroxene are remarkably constant, within the range 1.0 to 1.3 wt%, in spite of the wide variation of the TiO 2 content (Fig. 6 ). This contrasts with an igneous trend, a strong negative correlation between Ti and Cr contents in clinopyroxene, such as that for Bushveld cumulates (e.g., Atkins, 1969) . 
Chromian Spinel
The Cr# of chromian spinel is rather constant, from 0.4 to 0.6 and is, as a whole, negatively correlated with the Mg# (Fig. 7) . Chromian spinel from the minipod of chromitite has the highest Mg#, possibly because it also has the highest spinel amount (e.g., Jackson, 1969; Arai, 1980) . The Fe 3+ content shows a clear positive correlation with TiO 2 content (Fig. 8) . The wehrlite spinel has lower values of Mg# than the harzburgite spinel, although the Cr# and Tiθ2 content are the same in both. The Tiθ2 content of chromian spinel is highly variable, from almost none to 3 wt%, and has a weak positive correlation with the Cr# for spinel from troctolite and olivine gabbro (Fig. 9) . It is especially variable in olivine gabbro and very low, <0.2 wt%, but constant in harzburgite and wehrlite (Fig. 9) . In dunite, the TiO 2 content of spinel is relatively constant, from 0.5 to 1 wt% (Fig. 9) . The chromian spinel with a sieve texture in the chromitite minipod has about 0.5 wt% TiO 2 . The TiO 2 content of chromian spinel in troctolite correlates well with the mode of occurrence; it is higher in the olivine-rich parts than in the plagioclase-rich parts both within and between samples (Fig. 9) . This is concordant with the exclusive occurrence of rutile in a plagioclase-poor troctolite (PI. 1, Fig. 11 ). Chromian spinel in the dunite, closely associated with harzburgite, is relatively low in TiO 2 , at less than 1.2 wt% (Fig. 9 ). This is a remarkable contrast with the high TiO 2 content (about 2 wt%) of spinel in the plagioclase-poor rutile-bearing troctolite, which is the closest to dunite in mode of all troctolitic rocks (Fig. 9) .
The Cr# of spinel has a weak negative correlation with the Fo content of coexisting olivine (Fig. 4) . Some pairs from olivine gabbro are off the general trend in the Cr#-Fo plane (Fig. 4) . It is noteworthy that the overall Cr#-Fo trend for the Hess Deep rocks is almost coincident with that of mid-ocean-ridge basalt (MORB) ( Fig.  10 ; Arai, 1994b) .
Mineral Inclusions in Chromian Spinel
Both K-and Na-phlogopites in spinel from troctolite are highly Ti-rich, with 5 to 6 wt% TiO 2 (Table 1 ). The TiO 2 content and the Mg# of pargasite or pargasitic hornblende inclusions are 3 to 5 wt% and 0.87 to 0.90, respectively, in troctolite and 2 to 3 wt% and 0.92 to 0.93, respectively, in the chromitite pod. Diopsidic clinopyroxene inclusions in troctolite spinel have a high Mg#, from 0.90 to 0.91, 1.9 to 2.1 wt% A1 2 O 3 , and 1.0 to 1.3 wt% Cr 2 O 3 . Those in chromitite spinel are more magnesian, with Mg# values ranging from 0.91 to 0.93. They are especially high in Cr 2 O 3 , from 1.6 to 2.3 wt%, and relatively high in A1 2 O 3 , from 2.5 to 3.7 wt%. The TiO 2 content of the diopside inclusions is 0.54 to 1.2 wt% in troctolite and about 0.4 wt% in chromitite. Jadeite is close to an almost pure end member, with very low contents of kosmochlor and diopside molecules (Table 4) . Orthopyroxene is relatively low in both A1 2 O 3 and Cr 2 O 3 , mostly about 1 wt% and 1.2 to 1.5 wt%, respectively. The Mg# of orthopyroxene is comparable to that of diopside, from 0.92 to 0.93.
Plagioclase
Plagioclase in troctolite is commonly highly calcic (An 89 _ 91 in composition), especially in the plagioclase-rich part. It is noteworthy that plagioclases in inclusions in olivine range down to An 79 in the same specimen. Plagioclase in olivine gabbro is also highly calcic, mostly 
Other Minerals
Rutile in plagioclase-poor troctolite is almost pure TiO 2 in composition, with about 1 wt% Cr 2 O 3 . Kaersutite is associated with rutile in the plagioclase-poor troctolite, which is the only primary hydrous mineral that occurs outside of spinel. Kaersutite contains up to 4.9 wt% TiO 2 .
DISCUSSION

Comparison to Ophiolites
The deep-seated rocks of the Pacific oceanic crust described in this article are similar to those of some ophiolite suites (e.g., Oman ophiolite), as previously suggested by Francheteau et al. (1990) . The ultramafic rock association of the Hess Deep cores of Leg 147 indicates that they may represent the rocks around the petrologic Moho (Clague and Straley, 1977) of the Pacific lithosphere. Nicolas (1989) concluded that the Oman ophiolite was formed at a fast-spreading ridge system like the East Pacific Rise. Troctolitic rocks from Hess Deep are similar to troctolites or wehrlites from the Oman ophiolite (e.g., Benn et al., 1988) . Benn et al. (1988) concluded that a crystal mush ("wehrlite magma"), rooted in the transition zone, intruded the higher-level plutonic rocks in the Oman ophiolite. As mentioned previously, the close association of dunite with feldspathic plutonic rocks (troctolites and gabbros) in the Hess Deep cores (Gillis, Mével, Allan, et al., 1993 ) is similar to the contact relationships of indigenous gabbroic or pyroxenitic dikes with dunitic reaction rims observed in some ophiolites (e.g., Nicolas, 1989) . The relative abundance of dunite suggests that the Hess Deep rocks are derived from a zone comparable to the transition zone of ophiolites (Nicolas and Prinzhofer, 1983) . Cannat et al. (1990) also suggested that dredged samples (troctolite, Plagioclase dunite, and harzburgite) from the Garret Transform Fault, which are similar to the Hess Deep samples, are derived from the transition zone of the Pacific lithosphere.
Harzburgite from Hess Deep is among the most depleted of the whole range of oceanic peridotites (e.g., Shibata and Thompson, 1986) in terms of the Cr# of spinel and the spinel-olivine (Cr#-Fo) compositional relationship (e.g., Michael and Bonatti, 1985; Dick, 1989; Bonattietal., 1992; Arai, 1994a) . It is typical of ophiolitic harzburgites (Arai, 1994a) and is actually similar to the basal harzburgite of the Oman ophiolite (Boudier and Coleman, 1981; Pallister and Hopson, 1981) .
Primary hydrous mineral inclusions in chromian spinel from the Hess Deep troctolite and chromitite are especially important. Their presence in the transition zone of the Pacific Ocean indicates that a subducting slab is not necessary as the source of the volatiles in hydrous mineral inclusions in chromian spinel. The transition-zone rocks of ophiolites such as the Oman ophiolite are similar to the Hess Deep rocks, except that some podiform chromitites in Oman have chromian spinel with a higher Cr# (0.7-0.8) than in any oceanic rocks ever documented. Note that the majority of the Oman chromitites have chromian spinel with a lower Cr# (0.4 to 0.6) (e.g., Augé, 1987; Leblanc and Ceuleneer, 1992) . 
Mantle-Melt Interaction Products
Mineral chemistry, as well as petrographic characteristics, may indicate that the ultramafic-mafic rock associations of Hess Deep, especially troctolitic rocks, are products of interaction between harzburgite and melt. Trends in mineral chemistry cannot be explained by simple fractional crystallization in the formation of dunite-troctolite-olivine gabbro (Figs. 5, 9 ). Crystal fractionation from a successively mixing melt does not produce the trends in mineral chemistry of the Hess Deep rocks. A combined process of the crystallization of melt and the dissolution of the pyroxene (orthopyroxene) component in harzburgite can explain the compositional variation of minerals in these rocks (Figs. 5, 9, 11) . If a high-pressure melt ascends and then comes in contact with peridotite at a lower pressure, they should react (e.g., Quick, 1981; Fisk, 1986; Kelemen, 1990) . Pyroxenes, especially orthopyroxene, should be attacked by the melt with the crystallization of olivine to release the latent heat to promote the interaction, because the high-pressure melt is undersaturated with pyroxene components and is usually oversaturated with olivine at low pressures (e.g., Kushiro, 1969) . If the melt is stagnant enough and the interaction proceeds well, the melt could become enriched with some incompatible elements, such as Ti, while the Mg# would be only slightly variable because large amounts of magnesian olivine (Fo 90 _ 91 ) would keep the Mg# high to some extent (Kelemen, 1986) (Fig. 11) . The Cr# of the melt would also remain constant because the Cr# would be counterbalanced by the crystallization of chromian spinel (i.e., Cr consumption) and dissolution of orthopyroxene, which is high in Cr# (i.e., Cr supply) (Table 3) .
Orthopyroxene in the orthopyroxene-bearing troctolite, which is also very poor in Plagioclase, may be a relict of harzburgite orthopyroxene. The orthopyroxene in the troctolite locally shows a reaction relation with the melt to form clinopyroxene (PI. 1, Fig. 10 ). Olivine in troctolite and olivine gabbro may also be partly a xenocryst phase (cf. Boudier, 1991) , although chemically modified to some extent, and partly a precipitated phase. Olivine clots in these rocks may be chemically modified peridotite xenoliths. This interpretation is suggested by the fact that some of the olivine is kinked. Plagioclase and clinopyroxene may have crystallized from the melt. The amount of Plagioclase and clinopyroxene, therefore, may parallel the amount of melt involved in the formation of the rocks.
The Ti enrichment of spinel and clinopyroxene in the plagioclase-poor troctolite (i.e., in the troctolite poorest in the melt component; Figs. 5, 9) may result from the involvement of the most evolved melt in the peripheral region of the interaction (Fig. 11) . The amount of the melt involved is, however, the smallest in this part (Fig. 11) . The enrichment in Ti and probably other incompatible elements may be more effective if the interaction process proceeds in a closed system. The chromian spinel and the clinopyroxene with low TiO 2 contents in olivine gabbro (Figs. 5, 9 ) may have crystallized from the primitive melt (i.e., from the melt least affected by the interaction).
The dunite associated with harzburgite generally has a low-Ti mineralogy (Figs. 5, 9 ), in contrast with the plagioclase-poor troctolite, which could be transitional to dunite but has a high-Ti mineralogy. The low-Ti dunite could also be formed by melt-mantle interaction where the melt involved is less stagnant (Fig. 11) . 
Concentration of Chromian Spinel and Implications for the Origin of Podiform Chromitites
It is noteworthy that chromian spinel can be locally concentrated in the Hess Deep rocks. Furthermore, the petrographical characteristics (e.g., enrichment of mineral inclusions in spinel) are similar to those in the podiform chromitites in ophiolites (Talkington et al., 1986; Augé, 1987) . The mode of occurrence of the spinel concentration in the Hess Deep rocks is essentially the same as that of podiform chromitites in ophiolites. As mentioned previously, the rodlike concentration of chromian spinel in dunite is a small-scale chromitite pod. The mode of concentration of chromian spinel in troctolite (Fig.  2) is consistent with a recent interpretation for origin of podiform chromitite Yurimoto, 1992, 1994; Zhou et al., 1994) in which the mixing of magmas (a primitive melt and a Si-and Cr-rich melt formed by the dissolution of orthopyroxene from the harzburgite wall rock) plays an important role in the exclusive precipitation of chromian spinel to form chromitite, as Irvine (1977) originally proposed for the origin of layered chromitite. In troctolite from Hess Deep, chromian spinel is concentrated where the melt mixing could have occurred most effectively (Figs. 2,12) . The boundary region between the olivine-rich part and the plagioclase-rich part, where chromian spinel can be concentrated, may closely correspond to the original boundary area between the harzburgite wall rock and the melt pocket during interaction, where the mixing possibly occurs between the relatively Si-and Cr-rich secondary melt supplied from the harzburgite wall and the newly supplied, more primitive melt (Fig.  12) . Podiform chromitites could be formed in the oceanic upper mantle. However, the composition of chromian spinel in many podiform chromitites from some ophiolites, including Oman and Troodos, does not suggest an oceanic setting. The Cr# of the chromitite spinel, most commonly 0.7 to 0.8, is higher than that in any oceanic rocks ever documented, which are all lower than 0.7. Some aluminous chromitites (e.g., from the Tari-Misaka complex, southwestern Japan), which have chromian spinel with an intermediate Cr# of about 0.5 (Arai, 1980; Arai and Yurimoto, 1994) , could have been formed in the oceanic mantle.
The presence of high-Ti primary hydrous minerals in troctolite and in chromitite may mean that H 2 O, Na, K, and Ti are concentrated by a process of interaction (cf. Kelemen, 1986) . The combined process of zone refining and crystallization of olivine, which is essentially similar to the "partial zone refining" of Kushiro (1968) , is possibly effective in concentrating these incompatible components during interaction. The selective presence of hydrous minerals as inclusions in chromian spinel in spinel-rich rocks implies that the highly evolved melt was involved in the formation and concentration of chromian spinel (Fig. 12) . The highly evolved melt enriched in incompatible components might be one of the two end members of melt mixing (Fig. 12) to precipitate chromian spinel exclusively (Irvine, 1977; Arai and Yurimoto, 1994) .
Suggestions for the Evolution of MORB
The origin of the primary MORB is controversial. Two end-member models have been proposed. O'Hara (1965) and Stolper (1980) , among others, proposed that high-pressure melting of mantle peridotite produced picritic basalt, which was fractionated by olivine crystallization to form ordinary MORB. On the other hand, low-pressure (about 0.1 GPa) formation of primary MORB by direct partial melting of mantle peridotite was proposed by Kushiro and Thompson (1972) , Fujii and Bougault (1983) , and Fujii and Scarfe (1985) , among others. More recently, polybaric and incremental melting of mantle peridotite was proposed by McKenzie and Bickle (1988) , Johnson et al. (1990) , and Kinzler and Grove (1992a, 1992b) . Highly refractory MORB can be preserved only as melt inclusions in early precipitating olivine (e.g., Sobolev and Shimizu, 1993) . The possible modification of primitive MORB by mantle-melt interaction is suggested here.
The proposed "interaction trend" for the Cr# of spinel and the Fo content of coexisting olivine in the Hess Deep rocks is almost coincident to that in the MORB ( Fig. 10 ; Arai, 1994b) . This suggests that the apparent "fractionation trend" observed in the primitive MORB may be, at least partly, the result of low-pressure interaction between the high-pressure MORB and harzburgite. The interaction discussed in this article is not wholly responsible for the evolution of MORB because the Ti content of chromian spinel in the Hess Deep troctolite (up to 3 wt%) is much higher than in ordinary Atlantic MORB (usually less than 1 wt%) (e.g., Dick and Bullen, 1984; Arai, 1992) . This possibly indicates that not N-type MORB but E-or T-type MORB was involved in the formation of the Hess Deep rocks. But we can equally well assume that the Ti enrichment was performed in a closed-system interaction in which olivine formation was predominant from N-type MORB. Furthermore, Pacific MORB has higher Ti contents than Atlantic MORB (e.g., Flower, 1980) , and it is possible that the former has initially Ti-rich spinel. The dunite associated with harzburgite has chromian spinel with less than 1 wt% TiO 2 and could be in equilibrium with some primitive N-type MORB (e.g., Arai, 1992 Arai, , 1994b ).
SUMMARY AND CONCLUSIONS 1. Dunite was found commonly within harzburgite in some core sections from Site 895 of Leg 147. The close association of the dunite with feldspathic plutonic rocks, gabbros, and troctolites indicates that the dunite is a halo of interaction or depletion around injected melt.
2. The gabbro-troctolite-dunite complex is the interaction product between the injected melt and harzburgite wall rock in the shallowest mantle. The harzburgite changes gradually into gabbro via dunite, troctolite, and olivine gabbro. Petrographic and mineral chemical variations result from a gradation in the degree of interaction and in the proportion of melt and harzburgite.
3. The peridotites and associated mafic plutonic rocks from Hess Deep are basically similar to those of the transition zone of some typical ophiolites (e.g., Oman ophiolite). They were derived from the transitional zone of the Pacific lithosphere. The Hess Deep harzburgite, which has chromian spinel with an intermediate Cr# of about 0.5 to 0.6, belongs to the most refractory group of the oceanic peridotites and is equivalent to average ophiolitic harzburgite. The podiform chromitites of most ophiolites have, however, high-Cr# (0.7-0.8) chromian spinel, whereas all oceanic rocks ever documented have chromian spinel with lower Cr# (<0.7).
4. Podiform chromitites can be formed in the oceanic mantle conditions. A chromitite pod was discovered and chromian spinel concentrations are common in dunite and troctolite. Chromian spinels in those rocks typically have mineral inclusions of phlogopites, pargasite, and pyroxene, as in the case of podiform chromitites from ophiolites. The mechanism of the spinel concentration can be interpreted as essentially the same as in the podiform chromitites.
5. Low-pressure interaction with the harzburgite wall may contribute to the evolution of the primitive MORB erupted on the ocean floor. The interaction is expected to be more prevalent beneath fastspreading ridges than beneath slow-spreading ridges. Notes: Representative analysis is listed for each mineral in all samples examined. If intra-and intergrain heterogeneity was detected, more than two analyses are listed for the mineral.
First and second numbers after mineral names indicate intergrain and intragrain points, respectively. Cationic ratios of spinel were calculated assuming spinel stoichiometry after subtracting all Ti as ulvospinel molecule (Fe 2 TiO 4 ). Abbreviations for minerals are as follows: ol = olivine; opx = orthopyroxene; cpx = Ca-rich clinopyroxene; plag = Plagioclase; sp = chromian spinel; amph = pargasite; phi = phlogopite. *cpx3 = mantle; *opxl =core; *opx2 = rim of a composite grain in atroctolite (147-895C-4R-2-8, 141-144 cm). FeO* = total iron as FeO; Fe* = total iron as Fe. Fe 2+ and Fe 3+ = number of ferrous and ferric iron cations, respectively, on O = 4 for chromian spinel. Mg# = Mg/(Mg + Fe 2+ ) atomic ratio for chromian spinel, and Mg/(Mg + Fe*) atomic ratio for silicates. 
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Olivine gabbro Troctolite -»-Ti enrichment Harzburgite Figure 11 . A model for the formation of two kinds of dunite by mantle-melt interaction: plagioclase-free dunite with a low-Ti mineralogy and plagioclase-bearing dunite with high-Ti mineralogy. The former dunite forms if the involved melt is slightly stagnated, whereas the latter one forms if the melt is highly stagnated. Ti enrichment occurs in the frontal zone of interaction, where highly evolved melt is involved.
